Genetic variation for disease resistance is characteristic of almost all species. In both mammals and plants, gene families involved in pathogen recognition pathwaysthe major histocompatibility complex (MHC) and plant Resistance (R) genescontain loci that segregate for large numbers of alleles, some of which are highly divergent one from another. The antiquity of alleles in both humans (1, 2) and plants (3) (but not Drosophila) (4 ) provides evidence for their evolutionary maintenance by some form of balancing selection.
In plant R-genes, polymorphism is often associated with loci that are present as tandem arrays of multiple copies. Because of promiscuous genetic exchange, paralogs within these clusters exhibit complex evolutionary relationships (5) . Polymorphism in gene copy number is common in clusters and is also present in single-copy loci as the presence or absence of a locus. Copy number dynamics, intergenic exchange, and allelic diversity are all likely to be evolutionary responses to the same selective pressures for disease resistance. R-gene evolution, therefore, has both a vertical component across generations and a horizontal component throughout the genome, and each is likely to be shaped by natural selection for resistance.
The presence of ancient and many segregating alleles at R-gene loci is perplexing because disease resistance is thought to involve an evolutionary arms race between host and pathogen (6, 7) . A classic arms race is one that entails a series of selective sweeps as novel R-gene alleles, capable of recognizing pathogenicity determinants [called avirulence (Avr) factors] that previously avoided detection in a plant population, spread to high frequency. Support for these evolutionary dynamics centers on the common observation that amino acids evolve at a faster rate in functionally important regions of R-gene proteins than the corresponding rate of synonymous change (8 -12) . But according to the population genetics theory of selective sweeps, the rapid turnover of new R-gene specificity should cause a reduction in the age and number of alleles at a locus.
The longevity and high allelic diversity of some R-loci are inconsistent with a classic arms race and instead suggest a microevolutionary mechanism that promotes the maintenance of stable polymorphism (3) . This review focuses on R-genes involved in "gene-for-gene" interactions (13) and, in particular, the class of R-genes containing leucine-rich repeat (LRR) regions. Our goal is to highlight features of R-gene variation and evolution that will be important in modeling the evolutionary dynamics of disease resistance. The striking parallels between mammalian MHC and plant R-gene variation suggest that understanding the evolutionary dynamics of disease resistance in plants will have applicability in other organisms, including humans.
Adaptive Divergence
Evidence for adaptive evolution is now commonplace in comparative studies of R-gene sequences. With few exceptions, studies draw results from the comparison of paralogs on a single chromosome. Although members of R-gene clusters often display evidence for intergenic exchange, paralogs can also be considerably diverged one from another, suggesting that exchange is no longer an active process contributing to the generation of new allelic variation.
Detecting adaptive evolution involves comparing amino acid substitution rates (K a ) to synonymous substitution rates (K s ) in the same gene. Under the assumption that synonymous changes approximate the neutral rate of molecular evolution, values of the ratio K a :K s greater than 1 provide evidence for positive selection for amino acid substitution. Detection of positive selection often depends on considering only those sites predicted to be important in recognition. Perhaps the most influential studies of this kind focused on class I and II MHC genes (14, 15) and revealed positive selection as a force driving antigen recognition site evolution.
In plant R-gene products, several studies pinpoint LRR domains as the major determinants of recognition specificity for Avr factors (16) . LRR regions are receptor domains for specific recognition of pathogen elicitors (17) and may be involved in direct proteinprotein interactions with Avr gene products of the pathogen (18) . On the basis of a model of LRR protein structure, solvent-exposed residues framed by aliphatic residues are predicted to be the amino acids involved in making these direct contacts (17) . The framed, solvent-exposed residues often exhibit strikingly fast rates of evolution, but other regions within the LRRs can also be seen to evolve by positive selection (11, 19) , and specificity can reside outside of the LRR (20, 21) . Amino acids in the LRR may also influence the interaction with host factors, thereby modulating resistance through a mechanism other than recognition (22) . Experimental investigation of functional differences among Rgene alleles has yet to be exploited fully as a tool for deciphering R-gene structure and function.
Adaptive divergence among R-gene paralogs has been investigated in tomato (8) , rice (23), lettuce (11) , and Arabidopsis (9, 10, 12) . Without exception, complex loci reveal high rates of amino acid replacement changes in the exposed residues of domain 2 (the framed region) of the LRR ( Table 1) , almost always being more than twice the rate of synonymous substitution. Adaptive evolution in the LRR is consistent with an evolutionary arms race in that, under this model, pathogens should impose selection to continually alter recognition specificity.
Rates of evolution of single-copy R-loci can be determined from orthologous comparisons between species. Estimates have been obtained for three genes, Rpm1, Rps2, and Rps5, and all involve comparisons between Arabidopsis thaliana and its congener, A. lyrata. For each of these R-loci, amino acid replacement changes have accumulated considerably more slowly than synonymous changes ( Table 1 ). In interpreting these results, it is important to realize that although large values of K a :K s provide strong evidence for adaptive evo-lution, small values do not strongly indicate its absence. K a :K s ratios represent the confluence of constraint, genetic drift, and adaptive evolution; the lower K a :K s ratios found in Rpm1, Rps2, and Rps5 are compatible with adaptive evolution, albeit at a slower rate than that seen for complex loci.
Origin of New Alleles
Does intergenic exchange in multicopy clusters facilitate adaptive host response to pathogen pressure? In principle, the clustering of related R-genes can increase the opportunity for genetic exchange among paralogs that could act as reservoirs of mutational variation (16) . Evidence supporting this idea comes from experimental investigations of both spontaneous mutants (24, 25) and chimeric alleles (20) that confer novel specificity and also from differences in rates of evolution in single-versus multicopy R-genes (described above). But whether R-genes in complex loci are subject to different selection pressures than single R-genes is debated (16, 26) . Furthermore, little is known about baseline rates of cluster origination, expansion and contraction, and genetic exchange among R-genes within clusters.
To begin exploring these issues, we analyzed the A. thaliana genome sequence (27) . R-loci are physically arranged in the Arabidopsis genome as 49 single R-loci and 32 clusters of 2 to 12 R-genes. Evolutionary analysis of 182 known and putative R-genes generated 20 clusters of related genes, 15 of which contain LRR regions (28) . We additionally identified two sets of physically dispersed single R-gene loci (28) . These data allowed us to ask whether clustered R-loci exhibit faster evolution than single R-genes ( Fig. 1) .
Positive selection appears to be common in R-genes belonging to evolutionary clusters; we find at least one pairwise comparison with K a :K s greater than 1 for the exposed residues of domain 2 in 11 of 17 sets. Furthermore, evidence for positive selection is seen at all cluster sizes, including isolated R-genes, suggesting that selection acts similarly regardless of locus complexity. Nevertheless, cluster size and average rates of adaptive evolution are weakly, positively correlated (P ϭ 0.051; one-tailed test), but the correlation explains only a small proportion of the overall variance in rates (R 2 ϭ 0.17). More striking is the observation that closely related R-genes are uncommon in the Arabidopsis genome: Divergence averages K s ϭ 0.46 across sets, and only three sets (I-22.3, V-16.4, and IV-8.7 ϭ Rpp5) exhibit any pairwise divergence with K s Ͻ 0.1. As already noted, R-gene paralogs may be largely independently evolving entities, and, if so, they would be compatible with a birth/death model for their evolution (29) . The rarity of evolutionary clusters with young R-genes indicates low rates of R-gene duplication, loss, and genetic exchange. This suggests that, where observed (e.g., Rpp5), natural selection may be the driving force favoring (otherwise) rare recombinants. Our observation that clusters with the most closely related paralogs show the highest K a :K s ratios suggests selection for novel alleles generated through duplication or recombination.
Allelic Polymorphism
R-gene polymorphism is an important component of variation for resistance to pathogens. Does this allelic variability represent transient polymorphism arising during the adaptive spread of novel resistance alleles, or does it represent evolutionarily stable polymorphism? This question can be answered by investigating the genealogies of resistance and susceptibility alleles. Under a selective sweep scenario, the alleles segregating at a locus must be descendants of the allele that most recently swept to high frequency. If the last selective sweep occurred recently, as is likely for rapidly evolving R-genes, then alleles segregating at a locus should be very closely related to one another and should be nearly identical in sequence. In contrast, long-lived polymorphism for resistance and susceptibility produces alleles with more ancient common ancestries, and regions tightly linked to the site(s) under selection will show relatively greater nucleotide divergence (30) .
Levels of nucleotide polymorphism at synonymous sites, or in noncoding regions surrounding an R-gene, can be used to test these alternatives because accumulated changes here reflect the ages of alleles. Studies designed to determine ages of alleles have been published for only two loci, Rps2 and Rpm1, both of which confer resistance in A. thaliana to Pseudomonas syringae pathovars. A polymorphism study of Rps2 (31) found that resistance alleles were genetically similar whereas susceptibility alleles could be widely divergent from each other and from the resistance alleles. The deepest node in the gene tree separates resistance and susceptibility alleles, and these alleles differ by 29 synonymous changes and 11 amino acid replacement changes. Overall, these alleles differ by about 3% at synonymous sites, a value only slightly greater than that seen at other loci in this species. The shape of the gene tree, however, led the authors to posit a balanced polymorphism at the locus.
A stronger case for balancing selection is seen at Rpm1 (3), a polymorphism for the presence or absence of the entire locus. Analysis of the junction region flanking this deletion reveals about 10% divergence between (32) , then it is possible for a deletion (i.e., loss of function mutation) to be a balanced polymorphism (3). A similar pattern of divergence in the region flanking the insertion/deletion of Rps5 in Arabidopsis has also been observed (33) . Polymorphism data for five additional Rgene loci are summarized in Table 2 . Considerable differences are seen in the average pairwise synonymous divergence between alleles. Rpp13, a single-copy locus in A. thaliana conferring resistance to Peronospora parasitica, shows over 9% divergence at synonymous sites in the LRR region (but not the rest of the gene). Similar divergence is seen at each of the three loci comprising Rpp1. Alleles at all four of these loci, therefore, are candidates for balanced polymorphism.
Moderate divergence is found among alleles of the Flax L locus and among alleles of the Rpp8 locus in Arabidopsis. Selection for variation is suggested by the fact that both loci are segregating for many (functionally distinct in the case of L) alleles. Rps4 is distinguished by its near absence of polymorphism between two resistance alleles and a susceptible allele. Only a single amino acid polymorphism (and no synonymous differences) is present in the LRR region, whereas six synonymous differences separate resistance and susceptibility alleles in the 5Ј TIR and NBS domains. Ten additional amino acid replacement mutations are spread throughout the rest of the gene, but only two of these distinguish resistance and susceptibility alleles. The relative lack of divergence between functionally distinct alleles suggests that they have descended recently from a common ancestor, and this may be an indication of a recent selective sweep.
Overall, R-gene alleles show a wide range of ages, with some loci harboring old alleles that may be the product of balancing selection (Rpm1, Rps2, Rpp1, and Rpp13) and others showing more modest levels of divergence. Of these latter alleles, Rpp8 and L segregate for a large number of alleles, a pattern inconsistent with an arms race. Allelic diversity at Rps4 has not been surveyed. The polymorphism data, therefore, indicate that a simple arms race model involving repeated selective sweeps may apply to, at most, a small complement of R-loci.
Unusual Relation Between Polymorphism and Adaptive Divergence
As is evident in Table 2 , allelic divergence (within species) in amino acid sequence can be considerable, especially in the LRR region, and this divergence can be associated with high K a :K s ratios between pairs of alleles. Thus, the general finding of adaptively driven divergence among paralogs is also applicable to variants segregating within a locus.
What is most revealing about the divergence of alleles from the perspective of evolutionary dynamics is that these adaptive variants coexist with other alleles. Overall, there is a strong tendency for loci whose alleles have the largest K a :K s ratio (i.e., the most rapid adaptive evolution) to have the youngest alleles, as indicated by the smaller synonymous divergence in the non-LRR regions of the alleles. One dramatic example is provided by the Flax L locus, where 13 alleles representing 12 different functional specificities differ one from another by an average of 40 amino acid replacements in domain 2 of the LRR. However, they differ little at synonymous sites (full LRR K* s ϭ 0.029), which indicates that these alleles arose from common ancestral alleles in the relatively recent past. At the other extreme, Rpp13 and Rpp1 display less marked K a :K s ratios but appear to have considerably older alleles, with synonymous divergence (K s for the entire LRR) among alleles of 9 to 18%, more reminiscent of the extraordinary age of MHC alleles in humans.
Mutational Mechanisms
The possibility of elevated rates of mutation in domain 2 of the LRR has been suggested (8, 19) , and if this was occurring, it would bias estimates of the age of alleles. We do not believe this to be the case. First, K a and K s calculations overestimate the rate of synonymous substitutions and underestimate the rate of nonsynonymous substitutions whenever K a is greater than K s (34 ) . Second, the number of synonymous mutations in domain 2 is not significantly greater than that seen in the other domains ( Table 2). Third, we find no evidence for Fig. 1 . Evolutionary analysis of Arabidopsis known and putative R-genes. The ratio K a :K s * is plotted against cluster size for 15 LRR-containing complex R-loci and two sets of related single R-genes (28) . K a :K s *, calculated as in Table 2 , is shown for all pairs of R-genes at a locus with 0.01 Ͻ K s Ͻ 1. Complex loci are named by chromosome position in Mb (known R-locus if any). Cluster sizes for complex loci reflect numbers of R-genes that may be available for genetic exchange. The line indicates K a :K s ϭ 1.
elevated rates of divergence between species in the LRR domains. It is therefore likely that excess synonymous mutations in the LRR indicate a relatively greater genealogical antiquity of this region. This point is reinforced by the data for Rpm1 (3) and Rps5, for which the high mutational divergence is centered on the sequences flanking the insertion/deletion site rather than on the LRR.
Evolutionary Mechanisms
The most striking feature to emerge in the available data is the similarity in the patterns of evolved differences seen among alleles at individual loci and between genes belonging to evolutionary clusters. In particular, we are struck by the presence of R-gene alleles and paralogs, representing a very wide range of evolutionary ages, undergoing rapid adaptive evolution. Furthermore, rates of adaptive evolution appear greatest between closely related R-genes, suggesting that genetic exchange has contributed to the production of new adaptive alleles. Clearly, selection plays a profound role in R-gene dynamics. However, a classic arms race involving a succession of adaptive variants may be a poor metaphor for R-gene dynamics because alleles are not young and loci are not monomorphic, as predicted by this model. This raises the question of how polymorphisms are maintained in the face of adaptive evolution, an issue that has received attention with respect to MHC in a series of reviews (35) that explore the potential roles of frequency-dependent selection and overdominance. Arabidopsis's high selfing rate (36 ) suggests that, at least for this species, overdominance cannot be a potent evolutionary force. Instead, it is likely that frequencydependent selection favoring novel alleles when rare is responsible for the pattern we see at R-gene loci.
The spread of a novel resistance allele in the host plant should open the door for pathogens carrying an ancestral Avr gene to outbreak, because this novel R-allele would have reduced the frequency of the ancestral Rallele in populations. Such frequency-dependent selection requires persistence of pathogens carrying the ancestral Avr gene in a refuge or isolated population as a novel resistance allele spreads. This situation may lead to cycling (3, 37) . Alternatively, fixation may occur if the pathogen is extremely virulent, the pathogen refuge is not sufficiently effective, or environmental stochasticity is strong. Demographic and ecological details are thus likely to influence the outcome of these interactions and may explain the observed variation in the ages of alleles among R-genes. The current picture of ubiquitous polymorphism may not be general, however, because the existing data are biased by the use of polymorphism to identify and clone these genes. These issues are likely to be quickly resolved as additional molecular population genetic and evolutionary data become available. What will then be needed most is ecological work to better understand shortterm disease dynamics and theoretical work, as there is an almost complete absence of models exploring the age of alleles under different scenarios of adaptive evolution. 
Recent studies in bacterial pathogenesis reveal common and contrasting mechanisms of pathogen virulence and host resistance in plant and animal diseases. This review presents recent developments in the study of plant and animal pathogenesis, with respect to bacterial colonization and the delivery of effector proteins to the host. Furthermore, host defense responses in both plants and animals are discussed in relation to mechanisms of pathogen recognition and defense signaling. Future studies will greatly add to our understanding of the molecular events defining hostpathogen interactions.
The ability of pathogenic microorganisms to harm both animal and plant hosts has been documented since the initial demonstration in the 1870s that microbes were causal agents of disease. Since the initial discoveries by Koch (1) that Bacillus anthracis caused anthrax and by Burrill (2) that Erwinia amylovora caused fire blight in pears, our knowledge base has expanded enormously. Today, the genomes of the most important animal and plant pathogens have been or will be sequenced, and the molecular basis of pathogenicity is beginning to be deciphered. Furthermore, several model plant and animal host genomes are fully sequenced. Basic discoveries made in the postgenomic era will fuel our quest for developing new strategies for disease control. In the past 5 years, pivotal observations have revealed that bacterial pathogens share common strategies to infect and colonize plant and animal hosts. One is the ability to deliver effector proteins into their respective host cells to mimic, suppress, or modulate host defense signaling pathways and to enhance pathogen fitness. On the host side, plants and animals have evolved sophisticated surveillance mechanisms to recognize various bacterial pathogens. Interestingly, plants recognize distinct effectors from pathogenic bacteria, whereas animals recognize conserved "molecular patterns," such as those derived from lipopolysaccharide (LPS) or peptidoglycan. The discovery that surveillance proteins in diverse hosts share common protein signatures that perform similar functions invites speculation as to how these resistance mechanisms evolved.
This rapidly expanding field is obviously a large topic, and all aspects cannot be considered here. We will mainly focus on themes of plant pathogenesis. However, when appropriate, we will discuss unique and shared strategies used by microbial pathogens to infect animal hosts. Moreover, we will compare our emerging knowledge of pathogen surveillance mechanisms used by plant and animal hosts.
Initial Interactions of Bacterial Pathogens with Host Plant Cells
The initial interactions of bacteria with their plant hosts are critical in determining the final outcome of infection. Curiously, the majority of infections do not lead to overt disease. Microorganisms are usually repelled by plant defense mechanisms. However, in some cases, interactions of microbial pathogens with their host lead to the overt harm to the presumptive host and to pathology. Factors intrinsic to both the pathogen and the plant determine the final outcome of the encounter.
The epiphytic (saprophytic) life stage of phytopathogenic bacteria often precedes entry into the host plant and the onset of pathogenicity. For example, phytopathogenic bacteria in the genera Pseudomonas and Xanthomonas can colonize leaf surfaces of plants and reach dense bacterial populations (10 7 colony-forming units per square centimeter) without causing disease. Under the appropriate environmental conditions, bacteria enter leaf mesophyll tissue through natural stomatal openings, hydothodes, or wounds, thus making their first contact with internal host cells. Phytopathogenic bacteria multiply in the intercellular spaces (apoplast) of plant cells and remain extracellular. This is in contrast to many animal bacterial pathogens that gain entry into their host cells and then multiply intracellularly.
Mechanism for Plant Cell Infection: Conservation of Type III Secretion System
To grow in the apoplast, phytopathogenic bacteria sense their environment and induce genes required for host infection. A primary locus induced in Gram-negative phytopathogenic bacteria during this phase is the Hrp locus (3). The Hrp locus is composed of a cluster of genes that encodes the bacterial type III machinery that is involved in the secretion and translocation of effector proteins to the plant cell. Mutations in Hrp genes affect both the induction of localized plant disease resistance (the hypersensitive response) and bacterial pathogenicity. This mutant phenotype and the subsequent demonstration that Hrp structural proteins and type III effectors are transcriptionally coregulated (4) provided important evidence that effectors not only caused disease but were the components of the pathogen recognized by the host. Although the general physiology of low sugar and low pH in the apoplast is known to induce the assembly of the Hrp type III apparatus in phytopathogenic bacteria, a specific plant-derived signal has yet to be identified.
The demonstration that phytopathogenic bacteria use genes (i.e., Hrp) that are remarkably similar to genes encoding the type III secretion system in animal pathogenic bacteria provided an immediate conceptual framework to explain the molecular mechanisms
